Objective: The dynamics of the postictal period, which may demonstrate such dramatic clinical phenomena as focal neurological deficits, prolonged coma and immobility, and even sudden death, are poorly understood. We sought to classify and characterize postictal phases of bilateral tonic-clonic seizures based on electroencephalographic (EEG) criteria and associated clinical features. Methods: We performed a detailed electroclinical evaluation of the postictal period in a series of 31 bilateral tonic-clonic seizures in 16 patients undergoing epilepsy surgery evaluations for focal pharmacoresistant epilepsy with intracranial electrodes and time-locked video.
| INTRODUCTION
Recently, there has been increasing interest in the dynamics of seizure termination and the postictal period. It has commonly been assumed that seizures and their immediate clinical manifestations stop simultaneously, after which there is a period of gradual postictal recovery. In reality, seizure activity may continue in some regions after having ceased in others, 1 and the postictal period may contain striking electrographic or clinical features. Postictal electroencephalographic (EEG) analysis has largely focused on regional slowing or attenuation 2 and postictal generalized EEG suppression (PGES). 3 Despite the attention paid to these interesting features, their cellular origins remain incompletely described. Regional attenuation is thought to represent relative neuronal inactivity and is considered to have localizing value. 2 Going further, some groups have hypothesized that the extreme state of diffuse EEG attenuation is a marker of "cerebral electrical shutdown," a highly clinically significant event with implications for postictal morbidity and mortality. [3] [4] [5] Using an existing dataset of retrospectively acquired intracranial EEG recordings of focal to bilateral tonic-clonic seizures (FBTCS) with time-locked video, we undertook a systematic investigation of the postseizure period to develop hypotheses regarding brain states after the apparent cessation of electrographic seizure activity recorded from the cortex. We defined an intracranial version of EEG attenuation in the frequencies most often visualized in clinical recordings (intracranial postictal attenuation [IPA] ) and assessed for the copresence of gamma rhythms. These are typically better visualized on intracranial recordings than scalp EEG 6, 7 and are considered to serve as an index of local neuronal activity. [8] [9] [10] By combining the different types of EEG data and clinical observations, we propose a multistage structure of the postictal state that is far more complex than a gradual recovery from the point of electrographic seizure termination in cortical recordings and may indicate ongoing activity in other brain areas.
| MATERIALS AND METHODS
Patients aged 16-60 years who were studied with intracranial (subdural and/or depth) electrodes at Columbia University Medical Center/New York Presbyterian Hospital between 2005 and 2015, and had at least one FBTCS recorded with a sampling rate per channel of at 500 Hz (0.5-125-Hz bandpass, XLTek clinical EEG systems; Natus Medical), were included in this retrospective study. In all cases, the reference was either an epidural electrode facing away from the brain (for subdural recordings) or an epidural bolt (for stereotactic depth recordings). Henceforth, we use the term seizure to signify the FBTCS under study. Seizures with insufficient periictal video-EEG data or excessive artifact, inadequate visualization of the patient, or <25 electrodes with good quality recording at the time of the seizure were excluded. The study was approved by the institutional review board of Columbia University Medical Center, with a waiver of informed consent due to the study's retrospective nature. Extended video-EEG clips beginning at least 5 minutes before seizure onset and continuing through 1 hour after seizure termination were reviewed by two boardcertified electroencephalographers (L.M.B. and C.A.S.), using Natus review software with embedded antialiasing filters (4th order Butterworth) at a time resolution setting of 30 mm/s and sensitivity of 50 μV/mm. To distinguish the results of our analysis from similar prior studies in scalp EEG recordings, 3 we introduce the term IPA, defined as signal amplitude of <50 μV in all recorded channels with no discernable physiological activity in the delta, theta, alpha, and beta frequency bands, apart from movement, line noise, and electrode artifacts ( Figure 1A ). The threshold of 50 μV was selected based on the criteria for PGES in scalp recordings of 10 μV, and a conservatively assumed amplitude ratio of intracranial to scalp EEG of 5:1. 11, 12 The times of the following transitions were visually identified by consensus of the two reviewers: seizure termination, IPA onset, end of continuous attenuation and transition to a discontinuous background pattern, defined by a stuttering return to continuity, with bursts of activity interspersed with periods of relative attenuation, and onset of continuous background. Seizure termination was defined as the end time of high-amplitude, widely distributed epileptic discharges time-locked with clonic movements. In cases with asynchronous seizure offsets, seizure termination was identified as the final offset time. In the IPA channel, there is no discernable activity in the 1-25-Hz filtered signal. The activity seen in the other two traces is in the gamma range and remains below the 50-μV threshold in the 1-70-Hz trace. Note that the gamma activity ceases after the transition to continuous slow activity. In contrast, delta and theta activity is prominent in the non-IPA channel, and there is relatively little gamma activity. B, IPA in a seizure from Patient 9, with low-frequency filter at 0.5 Hz and highfrequency filter off. Vertical lines delineate seconds. For ease of illustration, sensitivity was set to 100 μV/mm, and only the first and last few seconds of the 34-second IPA period are shown. During IPA, the superimposed gamma-range activity is visible, with an initial brief burst (arrow) followed a second later by sustained, amplitude-invariant activity (gray bar). Small variable interchannel latencies can be seen during the initial gamma burst. IPA then ceases abruptly and simultaneously across all channels, accompanied by reduction in superimposed gamma activity. C, Seizure from patient 14 showing asynchronous termination (arrows; first offset in lateral frontal contacts, second offset in subtemporal, lateral temporal, and subfrontal contacts). After final electrographic termination, there was no evidence of either IPA or increased postictal gamma activity. Amy, amygdala; Hemisph, hemispheric; Hipp, hippocampal; Lat, lateral; OrbF, orbitofrontal; Temp, temporal Continuous time-locked video was reviewed between seizure onset and the resumption of continuous background activity, blinded to the EEG-defined transitions by viewing the video full-screen. Seizures were categorized into subclasses as described in Alexandre et al 13 Spectral analysis of EEG was conducted using custom software implemented in MATLAB (MathWorks). Power spectral density was examined using the short-time Fourier transform (MATLAB "spectrogram" function) and compared to the 5-minute preictal baseline, excluding herald/ sentinel spikes. Typically during IPA, power below the gamma band (ie, <25 Hz) was reduced compared to baseline, whereas gamma power was either reduced or increased. We classified channels according to whether gamma power was increased during IPA, using a threshold defined as mean power plus five times the coefficient of variation computed from the preictal baseline. 15 To determine whether the number of channels with increased gamma power was statistically greater than zero (the null hypothesis), we used a resampling technique. Epochs were randomly selected from the baseline recording, with epoch duration equal to duration of the IPA period, and the probability of exceeding the aforementioned threshold was determined per channel over 100 trials. One seizure with <5 minutes of preictal baseline recording was excluded from this calculation ( Table 1) . Statistical significance was assessed using the Wilcoxon signed-rank test with Bonferroni correction for multiple comparisons.
Key Points

| RESULTS
Sixteen patients (10 men, six women) met the study criteria, with demographic information given in Table 1 . Mean age was 28.1 ± 8.7 years (range = 16-50). In total, 31 FBTCS were included (mean = 1.9 seizures per patient). Eleven seizures (35%) were classified as type 1, four (13%) as type 2, and 16 (52%) as type 3. Cessation of bilateral clonic jerking was noted to precede electrographic termination in eight seizures (26%). The number of implanted electrodes ranged from 48 to 128 (mean = 89.6 ± 31.7). Of the 16 patients, three had bilateral coverage, two with stereotactically placed depth arrays, and one with bilateral strips and depths. Eleven patients had broad unilateral coverage, with four patients sampling locations throughout the hemisphere, two patients sampling three lobes, and five with extensive frontal and temporal coverage. The remaining two patients had implants restricted to the left temporal and left parietal lobes, respectively.
| Postictal EEG characteristics
Seizure termination was simultaneous in 24 seizures (77%), whereas in seven seizures (23%), termination was asynchronous ( Figure 1C ). Focal runs of ictal discharges (typically limited to 1-2 channels) were noted during the first minute after final seizure termination in eight seizures (26%, example in Figure 1C ). Four seizures were triggered during electrical stimulation mapping (Table 1 ). All but one of the patients (Patient 12) with provoked seizures had additional spontaneous events recorded that were also part of the study.
The postictal EEG recording was characterized by three distinct phases, not all of which occurred after every seizure. The first phase, IPA, was characterized by marked attenuation (<50 μV) with no discernable physiological rhythms below the gamma range. Examples of postictal EEG with and without IPA are shown in Figure 1A . IPA was noted following seizure termination in 26 seizures (84%) in 15 patients (94%), including six of the seven seizures with asynchronous electrographic offsets, with a mean duration of 36.2 ± 21.4 seconds (range = 2-100 seconds, Table 1 ). An illustrative example is shown in Figure 1B . Figure 1C shows one of the five seizures (16%) without IPA, demonstrating both ongoing background activity following seizure termination and superimposed focal low-amplitude spike discharges. IPA was less common in type 2 seizures compared to type 1 and 3 seizures (Fisher's exact test; n = 4, 31; P = 0.007). IPA duration was greater in type 1 seizures compared to type 2 or 3 seizures (Wilcoxon rank-sum test; n = 11, 31; P = 0.006).
By our definition of IPA, attenuation had to be present in all recording channels. However, in two seizures (Patient 13, Seizure b and Patient 16), focal attenuation was present in the majority of channels (43/49, 88%) in one case and fewer than half of the channels (39/93, 42%) in the other case. In one patient, the ongoing activity was limited to the mesial subtemporal sites, and in the other patient, the active area was more broadly distributed over lateral and basal temporal, parietal, and occipital regions.
In 19 of the 26 seizures with IPA (73%), the IPA pattern was followed by a second postictal phase, characterized by ongoing attenuation interrupted at intervals by mixed frequency, synchronized, or asynchronous bursting ( Figure 2 ). This burst-attenuation phase began abruptly, and typically simultaneously at all recorded channels. Bursts were composed of theta and delta frequency activity of varying amplitudes, and at times included focal or widespread epileptiform discharges confined to the bursts. This pattern transitioned to the third phase, in which a continuous background resumed, that is, the periods of attenuation were no longer seen. In the seven seizures lacking the burst-attenuation stage, IPA transitioned directly to a continuous background ( Figure 1B ). The total time from seizure termination to resumption of a continuous background was 72.2 ± 43.2 seconds (range = 8-176 seconds).
We used power spectral analysis to investigate the frequency-specific shifts during IPA ( Figure 3 ). As expected, there was a reduction in power compared to the preictal baseline in frequencies below gamma range during IPA.
However, in the gamma band, power was increased during IPA in 22 of the 25 seizures with adequate preictal data for determining baseline ( Figure 3A and 3B) . Notably, no extracerebral source of the gamma activity including patient movements or staff interventions could be identified on video review (Figure 2 ). The gamma activity appeared time-invariant, persisting for the entire duration of IPA with little or no appreciable amplitude variability, and ceased abruptly at the end of IPA ( Figures 1A, 1B, and  3A) . Close inspection also revealed differences in waveform morphology and timing between channels ( Figure 1B,  arrow) . In some cases, gamma power varied markedly across channels ( Figure 3C and 3D) . On average, 59 ± 42 recording channels per seizure demonstrated increased IPA high-frequency power compared to the preictal baseline, with a significant overall increase in 22 of the 25 seizures (range = 2-85 channels per seizure, paired Wilcoxon rank sum test, all P < 0.002, ie, P < 0.05 with Bonferroni correction). However, the distribution was skewed toward the extremes. Postictal gamma power increases were seen in >90% of channels in 13 seizures (52%), and in <10% of channels in three seizures (12%). The remaining nine seizures (36%) showed mixed results, with 24%-79% of channels demonstrating increased postictal gamma power compared to the preictal baseline (Table 1) . With the transition to the burst-attenuation phase, there was intermittent reappearance of the gamma activity, during which ongoing lower-frequency activity, such as focal spiking, was seen to cease temporarily (Figure 2 ).
| Postictal clinical features
The relationships between postictal EEG transitions and clinical features are depicted in Figure 4 . The predominant postictal clinical feature in most cases (27 seizures, 87%) was immobility. We were able to distinguish two types of immobility: rigid and flaccid. Rigid immobility was characterized by rigid body or limb posture persisting despite staff interventions, for example, moving a limb. Rigid immobility was also associated with transient episodes of dystonic posturing or isolated myoclonic jerking. In flaccid immobility, the patient appeared limp with normal or reduced muscle tone noted due to staff interventions, with no spontaneous movements detected. Flaccid immobility was seen in 18 (58%) seizures in 12 (75%) patients, including three seizures without IPA (Figure 4 ). This feature always began immediately after seizure termination, with an average duration of 38.2 ± 23.3 seconds (range = 4-90 seconds). In the seizures with IPA, flaccid immobility ended on average 12.1 ± 27.5 seconds after the end of IPA. Flaccid immobility ended up to 45 seconds before the end of IPA and as Figure 1 . Sensitivity was set to 150 μV/mm for clarity of presentation. After termination of the continuous IPA pattern, there are bursts of diffuse slowing in which superimposed persistent gamma activity is no longer seen, but periodic delta waves and sharp wave discharges are present (labeled black bars). This background is disrupted by periodic, brief reemergence of the previous IPA pattern, during which the superimposed gamma transiently reappears, and ongoing paroxysmal activity ceases. The timing of observed movements or interventions (clonic jerking, suctioning, patient moved by staff) is marked. Spontaneous, semipurposeful patient movements were noted occasionally during periods of diffuse slowing, but not during IPA/gamma activity reemergence. The electroencephalographic (EEG) activity, including terminal ictal discharges and the IPA pattern with superimposed high frequencies, does not appear to be affected by movements and interventions noted on video. B, Time-frequency spectrogram (1-150 Hz) of averaged EEG data across all channels, temporally aligned with the EEG shown in A. Amy, amygdala; Cing, cingulate; Hipp, hippocampal; Ins, insular; OrbF, orbitofrontal long as 49 seconds after IPA, ending prior to the end of IPA in four seizures. Movements signifying the termination of flaccid immobility consisted of myoclonic jerking, dystonia, or purposeful movements.
Rigid immobility was seen in nine seizures (29%) in six (38%) patients, all of whom also had IPA. Rigid immobility had a similar temporal association with IPA as did flaccid immobility. It began immediately after seizure termination and had an average duration of 47.6 ± 37.6 seconds (range = 2-128 seconds). Rigid immobility ceased as early as 32 seconds before the end of IPA and as late as 28 seconds after IPA, ending prior to the end of IPA in three of the nine seizures. There was no significant difference between flaccid and rigid immobility end times relative to the IPA-to-bursting transition (Wilcoxon rank sum test, P = 0.23).
Automatisms were seen postictally in seven seizures, including oral or manual automatisms, unilateral or bilateral blinking, shrugging, and repetitive bilateral leg flexion/bicycling. In two seizures (Patient 8, Seizure b and Patient 16), automatisms immediately followed flaccid immobility, and in two others (Patient 4, Seizure a and Patient 5) they immediately followed rigid immobility. In three of the four seizures in which automatisms followed immobility, they occurred during the burst-attenuation phase. In two seizures (Patient 9, Seizure a and Patient 12), automatism onset was delayed, occurring after the return to a continuous EEG background. In the last case (Patient 14, Seizure b), right hand automatisms and left hand dystonia began 24 seconds prior to electrographic seizure termination and continued until 5 minutes and 18 seconds after electrographic offset, accompanied by right eye deviation. One of the authors (C.A.S.) was present in the patient room and interpreted the event clinically as an intracranial EEG-negative focal seizure. This was a nonlesional case with broad right frontal and temporal subdural electrode coverage. Following ) with corresponding spectrograms, demonstrating marked cross-site differences in postictal gamma activity. In both cases, the top panels demonstrate postictal reduction in gamma activity compared to the preictal baseline, whereas the bottom panels demonstrate increased activity. This mixed pattern, with high-frequency activity limited to 24%-79% of channels, was present in nine of the 26 seizures (35%) demonstrating IPA right frontal resection, the outcome was classified as Engel 1D (rare bilateral tonic-clonic seizures on anticonvulsant medication withdrawal) at 8 years postoperatively. Other postictal semiologies noted included repetitive (six seizures) or isolated (11 seizures) jerking, and head and eye deviation with eye opening (three seizures).
| DISCUSSION
This retrospective video-EEG study of intracranially recorded FBTCS revealed a complex mixture of electroclinical activity in the postictal period. Rather than a simple presence or absence of ictal EEG activity, there was postictal pattern evolution characterized by abrupt electrographic transitions, and a variety of clinical motor manifestations, which were often dissociated from the striking EEG features. Electrographically, the postictal period was characterized by two distinct phases: IPA, with a persistent, invariant pattern of reduced power at the low end of the frequency range and often increased gamma power, followed in some cases by postictal bursting, in which the IPA pattern persisted but was interrupted by bursts of mixed frequency, predominantly slow activity, prior to return to a continuous background. Our findings indicate that marked low-frequency attenuation following seizure termination, which may be a contributor to scalp EEG observations of postictal suppression, is common in FBTCS and appears to be a stage in a predictable sequence during electrographic postictal recovery.
Intracranial postictal attenuation proved to be a nearly ubiquitous finding in our dataset. IPA was detected in the majority of seizures (84%) and in nearly all patients (94%) in our study. Focal IPA, or an IPA-like pattern restricted to a portion of the recording area, was noted in an additional two seizures. The only patient in whom IPA or focal IPA was not observed (Patient 16) had only one seizure recorded. This is consistent with a previous study reporting that the occurrence of PGES in scalp EEG recordings is dependent on the number of FBTCS recorded. 16 We also found that IPA occurrence and duration may be associated with semiology patterns that define FBTCS type, In the seizure marked with a plus sign, dystonic posturing with repetitive jerking was seen beginning at the time of the orange tick mark. In the seizure marked with an asterisk, a mixture of activities was noted. Right hand automatisms and left hand posturing were seen beginning prior to electrographic seizure termination and continuing postictally. Right head/eye deviation began 67 seconds after seizure termination. These semiologies continued until 5 minutes 11 seconds after seizure termination suggesting common or linked mechanisms. Taken together, these data suggest that postictal attenuation and the mechanisms that produce it are typical features of FBTCS, rather than being exceptional findings. If true, this would suggest that postictal EEG attenuation contributes little to risk stratification for rare adverse outcomes such as sudden unexpected death in epilepsy. We found no evidence in our study of slowly spreading depression, which has been detected following seizure termination in rodent models. 17 Rather, the transitions between ictal, attenuation, and bursting states were abrupt and simultaneous across large brain regions in all cases. We hypothesized that widespread, simultaneous alteration of the frequency-power curve during IPA ( Figure 3B ) reflects projected activity from a remote, unmonitored site, as significant localized membrane current shifts occurring diffusely and simultaneously seem unlikely. The presence of prominent, widespread gamma oscillations during IPA initially appeared to be artifactual, as is commonly assumed. On closer examination, several observations favored a cerebral (if unknown) source. First, differences in waveform morphology and timing between channels were noted, especially at the onset of the gamma activity ( Figure 1A and 1B) . Second, patient movements did not correlate with the increased high-frequency activity (Figure 2) , and it was seen irrespective of the type of activity observed (eg, flaccid immobility vs dystonic posturing or myoclonic jerks). Third, the amplitude of the high-frequency activity was remarkably consistent throughout the postictal attenuation period ( Figure 1A ). In contrast, myogenic artifact would be expected to show considerable temporal amplitude variation, 18 and the same is typically true of environmentally induced artifacts. Fourth, we observed a contextual temporal pattern of continuous, invariant activity for the duration of IPA followed by intermittent reappearance, during which ongoing activity, such as focal spiking, was seen to cease temporarily ( Figure 2 ). Postictal immobility, presumed to reflect depressed arousal and/or motor function, 14, 19 is commonly observed after FBTCS and has been associated with postictal EEG attenuation in scalp recordings. Interestingly, the timing of postictal immobility with respect to IPA was highly variable. We observed immobility to appear as either a negative (flaccid) or positive (rigid) phenomenon. Flaccid immobility was more common (58% of seizures) than rigid immobility (29% of seizures), but both had similar temporal characteristics with respect to IPA. However, the two patterns of postictal immobility may have different implications for postictal brain activity. Whereas flaccid immobility is potentially consistent with assumptions of reduced postictal neuronal activity, rigid immobility with associated dystonic posturing raises the possibility of an ongoing active process driven from an unmonitored source in either cortical or subcortical structures. Furthermore, the finding that immobility may resolve during or may outlast IPA suggests that they are driven by different but related processes. A surprising result was the frequent observation of clinical seizure semiologies continuing or emerging after seizure termination. In aggregate, clinical manifestations including dystonic posturing, automatisms, head and eye deviation, and myoclonic jerking were observed either during IPA (13 seizures, 42%), during the bursting phase (15 seizures, 48%), or after return to continuous background but within the first minute after seizure termination (10 seizures, 32%). Additionally, the presence of automatisms during the bursting or continuous phases, suggests that they are part of the progression of the ictal event. Persistent or reemerging automatisms have been observed within the first few seconds following focal onset seizures, 20, 21 but otherwise are widely considered to be specific for seizure activity. We speculate that these phenomena are evoked directly or indirectly by ongoing EEG-negative activity following apparent seizure termination, including during the IPA pattern and during immobility of either type.
Taking the electrographic and clinical data together with existing literature, we further speculate that IPA and its associated clinical semiologies are driven from subcortical, possibly brainstem, structures. A source located in areas that are commonly sampled with scalp or intracranial electrodes, for example, cortical structures, remains possible but is difficult to reconcile with existing characterizations of postictal electroclinical events. Subcortical structures have been implicated as having a causative role in ictal loss of awareness 22 and complex motor manifestations. 23 Subcortical, particularly brainstem, activity has also been linked with cortical gamma oscillations. A recent study of intracranially implanted patients demonstrated coherence between respirations and the EEG gamma envelope recorded from limbic gray matter structures such as hippocampus and insula. 24 Increased cortical gamma activity was seen with selective stimulation of the pedunculopontine tegmental nucleus in a rat model of acute hippocampal seizures. 25 In a 1958 study by Gastaut of convulsive seizures in an in vivo cat strychnine/anoxia model, a pattern of cortical and hippocampal attenuation with superimposed high-frequency activity in bilateral cortex, but not in hippocampus, was seen concurrently with ongoing ictal discharges recorded from the bulbar reticular formation. 26 Ictal brainstem recordings have also been reported in an in vivo rodent 4-aminopyridine model. 27 Together, these results suggest that brainstem activity can drive both cortical EEG patterns and seizure semiologies-a view that is opposite to the more common interpretation of diffuse postictal EEG attenuation as indicative of globally reduced neuronal activity. 3 Further investigation is required to define the mechanisms of prominent postictal semiologies such as rigid and flaccid immobility, and of IPA's unique combination of increased gamma activity and attenuation of subgamma frequencies.
| Limitations
Our study, although taking advantage of the better signal to noise ratio of intracranial recordings, is limited by lack of simultaneous broad scalp coverage. Thus, we cannot directly compare IPA with the better known PGES phenomenon other than statistically. A prior report demonstrated that PGES identified from scalp recordings commonly coexists with ongoing ictal or interictal activity in a simultaneous intracranial recording. 28 The blind spots of scalp EEG are well known, and include electrographic activity in some areas difficult to access with extracranial sensors (subfrontal, subtemporal, orbitofrontal) or activity that is limited to small regions. 12, 28 Furthermore, our study indicates that IPA may be spatially restricted in some cases. These factors likely contribute to the limited interreader reliability of PGES. 29 A combined approach may be preferred for future studies.
It is notable that four seizures (13%) in this series were provoked by cortical electrical stimulation mapping. As this is not typically reported in studies of postictal phenomena, it is uncertain whether this proportion is unusual. We note, however, that all but one of the patients (Patient 16) with provoked seizures also had unprovoked seizures that met study criteria.
| CONCLUSIONS
Our study has implications for seizure propagation pathways and distant projections to or from subcortical structures mediating postseizure electroclinical features and raises important questions about the mechanisms of electrophysiology patterns after seizure termination.
